Abstract: This paper reports on mechanical and biological properties of carboncarbon 1 composites and polysulfone modified by hydroxyapatite (HAP), both natural (nano-particles) and synthetic (micro-particles) minerals. Results show that carbon-HAP composites have mechanical properties similar to carbon-carbon composites, while addition of HAP to polysulfone causes advantageous growth of Young's modulus and limitation of creep, and disadvantageous decrease of tensile strength. Tests performed in simulated body fluid for carbon-HAP and polysulfone-HAP composites prove that the process of hydroxyapatite build-up becomes most intensive in the case of composites with nano-particles originating from natural hydroxyapatite.
Introduction
One of the most required properties of implant materials used in bone surgery is the ability to form high-strength bonding with the bone tissue within the shortest possible period of time. Bioactive ceramic materials containing calcium phosphates (like hydroxyapatite, TCP), bio-glasses and glass-ceramics are able to form with bone such direct and strong bonds of chemical nature [1] . However, due to low fracture toughness, their individual applications, without any additives, are limited. An attempt has been made to improve the mechanical properties of bioactive materials. Results of investigations dealing with reinforcements in the form of plates, particles, whiskers or fibres were not sufficiently satisfactory [2, 3] . Other implant materials form indirect bonds with bones, e.g., mechanical in the case of metals, or biological in the case of porous materials. The strength of such a bond is much lower and, therefore, attachment of the implant to the bone needs longer time [4] .
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Bioactive properties of implants (polymeric, metallic and ceramic) may be introduced or enhanced by modification with hydroxyapatite. The present work describes some properties of polysulfone and fibrous carbon-carbon composite modified with bioactive hydroxyapatite particles. The above mentioned materials have been chosen purposely, because their microstructure and mechanical properties are similar to those of bone, which itself is a natural composite made of collagen fibres and mineral phase. Modification of materials with required mechanical properties by addition of bioactive compounds into their bulk or attachment to their surface may lead to the formation of active centres favouring formation of natural hydroxyapatite (HAP), i.e., components of the bone tissue [5, 6] . In our studies the biological and mechanical properties of macromolecular materials (polysulfone and carbon-carbon composite) modified or not with hydroxyapatite have been investigated and results of the studies are presented in this paper.
Experimental part

Materials
The following materials were investigated: -Carbon-carbon composite (CC) -a reference sample -CC modified in bulk with synthetic hydroxyapatite (CC-HAPs) -CC modified in bulk with natural hydroxyapatite (CC-HAPn) -Polysulfone (PSU) -a reference sample -PSU composite modified in bulk with synthetic hydroxyapatite (PSU-HAPs) -PSU composite modified in bulk with natural hydroxyapatite (PSU-HAPn) All carbon composites were produced using the pre-preg 2 method. Medium stiffness carbon fibres T300 made by Torayca, phenol-formaldehyde resins Nowolak MR made by Zaklady Chemiczne 'Organika -Sarzyna', and hydroxyapatite powders were used (synthetic powder made at the Department of Refractory Fine and Technical Ceramics of AGH, as well as natural powder, obtained from bones of steers at the Department of Special Ceramics WIMiC -AGH [7, 8] ). The fibres were impregnated with a mixture of phenol-formaldehyde resin (as the precursor of the carbon matrix) and hydroxyapatite. Hardened composites were pressed at 160°C. Thereafter, they were carbonized in an atmosphere of inert gas at 1000°C. The temperature of pressed samples was increased with a rate 5°C/min.
Samples of pure PSU and of the composites PSU-HAPs and PSU-HAPn were prepared using the injection method at 340°C, according to the scheme shown below (Fig. 1) and by using the pre-preg method. The polysulfone was made by Aldrich Chemical Company, Inc., USA, and hydroxyapatite powders: a synthetic one made by Mitsubishi, and a natural obtained from bones of steers at the Department of Special Ceramics WIMiC -AGH, have been used. The polysulfone was dissolved in CH 2 Cl 2 in the ratio 1:5. Then, the polysulfone solution was mixed with hydroxyapatite powder and films were cast from the mixture. After solvent evaporation, the films were pressed at 230°C and paddle-shaped testing bars were cut from them. Hydroxyapatite powders with various grain size, specific surface and oxide composition have been used. Natural hydroxyapatite was composed of particles with size in a nanometer range, while synthetic HAP contained micrometric grains.
Methods
The mechanical properties of prepared composites, including bending strength and Young's modulus were determined using a standard testing machine Zwick 7000, model 1435.
Bioactivity of materials was examined in vitro, and it was defined as the rate of apatite build-up in an artificial biological environment. For this purpose, samples of the composites were incubated in a simulated body fluid (SBF) of constant temperature 37±1°C. Composition of SBF was similar to that of natural plasma. Details are given in Tab. 1. The SBF fluid was replaced every week in order to provide constant supply of ions, mainly carbonates and phosphates, indispensable for the formation of apatite. Scanning electron microscopy (SEM) using EDX chemical analysis was used to monitor changes on the surface of composites. 
Results
Mechanical properties
Addition of hydroxyapatite to polysulfone resulted in some decrease of the strength in comparison to the initial material. A more pronounced decrease was observed for composites obtained by injection method. Probably this was a result of poor adhesion of ceramic particles to the polymer matrix.
Irrespectively of the applied manufacturing technique the decrease of strength was less pronounced for samples made using natural apatite. Apparently, application of particles with nanometric size and with more uniform spatial distribution gave better results. In the case of carbon-carbon composites modification with any of the hydroxyapatites mentioned above to did not affect significantly their mechanical properties (Fig. 2) .
Fig. 2. Bending strength of the examined composites
In the case of all composites made with polysulfone matrices, Young's modulus increased (in comparison with the matrix itself) approaching values typical of natural bone, i.e., about 9 GPa (Fig. 3a) . Moreover, due to the addition of HAP powders, the excessive deformation of polysulfone and creep behaviour typical of polymers have been limited [9] . The above-mentioned properties are particularly unwanted in the case of implants for bone fixing. Addition of a granular phase did not affect Young's modulus of C-C composites (Fig. 3b) .
Fig. 3. Young's modulus for examined composites
Studies of apatite build-up in SBF
Rates of apatite build-up under in vitro conditions on surfaces of composites did depend on the type of hydroxyapatite particles used for polymer modification. Some areas of apatite secretions were observed on the surface of PSU-HAPn composite after 10 days of incubation, whereas isolated singular apatite structures were observed on the surfaces of PSU-HAPs composites containing particles of synthetic hydroxyapatite (Fig. 4) . Larger and denser apatite secretions, covering a significant part of the surface of the sample, were seen after a similar period of time on composites with hydroxyapatite nanoparticles.
The presence of calcium and phosphorus in these secretions was confirmed by micro X-ray analysis (Fig. 5) . Formation of apatite was much more intense in the case of carbon composites than for polysulfone composites. A dense and solid layer of apatite secretions was formed on the surface of carbon composites after only 30 days of incubation in SBF fluid. Apparently, the porous and rough surface of CC-HAP composites facilitates the build-up hydroxyapatite. 
Conclusions
Addition of hydroxyapatite to CC composites does not affect significantly their mechanical properties.
Addition of hydroxyapatite to polysulfone causes an increase of Young's modulus of the composite, a decrease of its strength and reduces the creep. The best mechanical parameters were observed for the composite with nano-hydroxyapatite that was obtained by the pre-preg method.
Hydroxyapatite build-up in the artificial biological environment is more intense on composites with nanoparticles of natural hydroxyapatite. Nanoparticles constitute active centres for apatite secretion.
The porous surface of carbon composites facilitates the apatite build-up.
